Abstract: An unventilated 70 m 3 underground space, with 2.1 m high ceilings and an inner set of concrete walls to damp vibrations, was discovered to have relatively stable radon levels of 1,080 Bq m −3 over a 1-y period. The addition of radium sources was not required to achieve high and somewhat variable radon levels, as these arise naturally in the space. Several active radon monitoring devices designed for homeowners, radon screeners, radon mitigation professionals, and researchers were tested in the space. These devices were variable in both cost and intended user sophistication. Data were collected at specific time intervals that varied for each device. A cellphone was deployed with an available camera application to periodically capture photographs of the displays of devices not enabled for automatic temporal recording. Attempts were made to alter the radon concentration using fans, radium-laden objects, and radon impermeable sheets. Statistical methods were employed to compare the device's performance under the minor radon transients produced by the addition of 226 Ra sources during the test period. The evaluation of the overall accuracy, noise, and response to transients revealed highly affordable devices that may be useful for future research applications. While unsuitable for precise calibrations at stable radon levels, the space was determined to be adequate as a radon chamber for general research purposes. Health Phys. 116(6):852-861; 2019
INTRODUCTION
With radon gas levels as high as 410 kBq m −3 observed in an occupied dwelling (Kearfott 1989) , radon screening remains a public health risk of international concern. Radon levels vary dramatically over the various seasons as well as with varying meteorological and building parameters (Xie et al. 2015 (Xie et al. , 2017 . As a consequence, measurements of average radon concentrations for screening and temporal variations in radon concentration are of interest.
There are two main categories of test devices used to measure radon (Keith et al. 2012) . The first are passive devices, which do not need power to function. For screening and some longer term average measurements in both workplaces and residences, passive devices are typically chosen because they are affordable and simple to use. Common types of detectors included in this group are charcoal, in canisters or envelopes, and electrets, which have been well characterized elsewhere (Lehnert and Kearfott 2010; Lehnert et al. 2011; Thompson et al. 2011; Kotrappa et al. 1990; Sorimachi et al. 2009 ). For screening measurements, these are placed in a desired area for a few days. Charcoal-based devices are sent to a laboratory for counting, while the charge remaining on electrets is read out by professionals using simple equipment. Alpha track radon detection devices, another type of passive radon device, use materials such as plastic or film placed in a container with a filter (Keith et al. 2012) . Common materials used in this category include cellulose nitrate film, such as LR-115, and thermoset polymer plastic, typically CR-39. After exposure for time periods up to several months, alpha track detectors are chemical processed and optically analyzed in a laboratory. One advantage of all passive radon detectors is that no technical knowledge of the devices is required by the individual deploying the detectors.
The other type of devices, active devices, require power and continuously monitor radon concentrations over an extended time period. Active devices provide many advantages over passive detectors: they can average radon levels over long periods of time while providing information about daily or seasonal variations. They also provide immediate values of radon levels. In recent years active devices have become both more user-friendly and affordable, with some models costing less than $200. Some active devices can continuously measure radon levels for up to 5 y and are easily relocated and reused. Active radon devices designed for research offer additional features, such as the ability to measure radon in soil and other locations. These can cost up to $10,000 or more.
Professional radon chambers provide a controlled level of radon under known conditions of temperature, pressure, and humidity. These chambers can vary greatly in specifications and size, from 0.01 m 3 to 78 m 3 (Azimi-Garakani 1992). Large room chambers (Chu and Liu 1996; Lee et al. 2004; Kotrappa and Stieff 2012; Janik et al. 2010) tend to be walk-in chambers with a volume greater than 10 m 3 . These chambers also tend to be flow-through chambers where the source is pumped into the radon chamber at a desired rate. Such chambers are often used by professionals for performance testing and calibration (Balcazar et al. 1997) , and ideally have traceability to national standards. In addition to the radon level, environmental parameters such as humidity, temperature and pressure may be altered in such chambers. Thus, purpose-built radon chambers can be used to study the effects of such parameters as well as the effectiveness of various radon mitigation techniques. However, these large highly controllable chambers require a significant financial investment to build and maintain.
Smaller and simpler radon chambers are constructed from materials such as incubator shakers, steel drums, wooden boxes, stainless steel and pixy glass (Moore and Kearfott 2005; Lehnert et al. 2011; Alter and Fleischer 1981; George et al. 1983; Shweikani and Raja 2005) . These chambers are often under 1 m 3 in volume and may simply employ a passive radium source, i.e. without flow. The source is placed in the chamber, which is then sealed. Because the radon continues to accumulate in the chamber, buildup occurs and the concentration increases. A set of equations (Moore and Kearfott 2005) can be used to characterize the chamber and calculate the expected radon levels after a set time. Such devices have some advantages and disadvantages when compared to the large room chambers (Kotrappa and Stieff 2012) . If the small chambers are not airtight, there may be significant leakage of radon from the chamber. The radon levels in these simple chambers cannot be altered to a set and steady amount, and other parameters such as temperature and humidity cannot be easily controlled. However, such simple box chambers are more affordable than large room chambers and are transportable.
A "natural" radon chamber, not requiring the usage of any radium sources, can be found if the proper conditions are met. Basements may have higher levels of radon due to radon being heavier than air as well radon seeping in through the soil and walls. Additionally, a lack of ventilation and thick walls can further result in higher levels, as well as keeping levels fairly constant. Variations in conditions such as those encountered in practical situations are likely to occur in such spaces, but with higher overall radon concentrations. Such a "discovered" chamber is presented in this work and is used to intercompare the performance of a variety of radon measurement devices.
There have been several prior intercomparisons of both active and passive radon devices (Janik et al. 2010; Gunning et al. 2016; Burghele and Cosma 2013; Papp et al. 2016; Cardellini et al. 2016) . Those studies mainly focused on passive devices, including only a few temporally capable instruments such as the Saphymo AlphaGuard and the Durridge Rad-7. Most active radon devices currently available for mitigator and general public use were not involved in those intercomparisons. For this work, ten different models, comprising of 13 total devices, were tested in a discovered, natural radon chamber. This resulted in a comparison of devices under realistic deployment conditions. Additionally, this experiment tested the detectors' responses to natural transients since the chamber is not perfectly steady-state. The addition of radium dials during the experiment allowed for further testing of the various device's responses at higher levels. This work identifies affordable instrument candidates to be used in future experiments involving indoor and outdoor radon so that factors influencing radon level could be further evaluated, such as using radon as an earthquake predictor (Kitto 2005; Shafique et al. 2014 ).
METHODS

Radon chamber
The radon chamber used for this work was not purpose-built, but was discovered in the basement of a two-story building. This chamber was found to have very high levels of radon, approximately 1,083 Bq m . Because the space has two foundation structures and lacks any ventilation, radon levels were previously observed to remain relatively constant, within 10%, throughout the year (Xie et al. 2015 (Xie et al. , 2017 . As such, this chamber was identified as a useful tool for experiments involving radon. An approximate floorplan for the chamber is shown in Fig. 1 , which clearly shows the inner foundation structure which was included to reduce vibrations in the special laboratory situated above it. The ceiling height within the radon chamber is 2.1 m, and it is defined by 0.305-m-thick concrete walls, with a total chamber volume of 70 m 3 . The chamber is joined to an unventilated storage room through a 1.07 m Â 2.07 m doorway opening, adding a volume of 110 m 3 to the area surrounding the chamber itself. It is estimated that approximately 4.7 m 3 of solid materials occupy space in the chamber itself, and 6 m 3 of solid materials occupy space in the unventilated area outside the chamber. This overall area is separated from the rest of the building's basement by a sealed double steel door.
Devices tested
The ten models of radon devices tested appear in Table 1 The calibration dates of each device are also listed in Table 1 . For reference, data collection began on 27 June 2017. It should be noted that each device has different recommendations about calibration frequency. Other important facts that should be noted are that the Pylon AB-5s were calibrated in-house following recommended procedures and were not sent to a professional radon company for calibration and that the Sun Nuclear Model 1027s were last calibrated over 10 y prior to testing. Also, the Airthings Home Radon Monitors auto-calibrate and do not need to be recalibrated. They will also inform the user if there are any errors in calibration. As a result, their calibration dates are not listed. The Sun Nuclear Model 1027s were included to see how such devices would perform while being well past calibration.
Initial verification of radon levels
A preliminary experiment was carried out using a Pylon AB-5 to ensure radon levels would be sufficient for the experiment. The chamber contained slightly higher radon levels than previously reported, at 1,100-1,500 Bq m . This was, however, considered consistent with the measurements which lead to the discovery of the chamber, as there had been substantial removal and rearrangement of materials in the space since the initial discovery of the chamber. In addition, human traffic in the chamber was greatly reduced due to its dedication to radon research and the reduction in the number of people using the space for storage. These factors, in addition to anticipated environmental and weather temporal variations in radon levels, likely contributed to a slight increase in the average radon levels.
FIG. 1. Floorplan of the "discovered" radon chamber.
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Intercomparison of radon measurement devices
Experiment duration and sampling intervals
All devices were placed on a wooden table,~1 m above the floor in the corner of the radon chamber. The experiment was run continuously over the course of 655 h or roughly 27 d.
Due to the varying nature of each device regarding data collection, different methods had to be used so that data from each device was collected continuously. Some of the devices had a limited memory, ranging from 3 d to 2 wk. Due to this limitation, the Pylon AB-5s, Sun Nuclear Model 1027s, Sun Nuclear Model 1030, Durridge Rad-7 and Femto-Tech CRM-510 LPs had to be removed from the chamber after a set time period so that the device's memory did not become full. They were taken to a computer and the data was extracted. Their memories were then cleared and the devices were placed back into the chamber and data collection recommenced. The entire process consumed a maximum of 15 min per device and thus did not constitute significant interruptions in the data stream.
Other devices displayed radon level values on the screen of the device. The Airthings Home Radon Monitors had options for 1-d and 7-d readings, as well as a longterm average. The Sylvane Pro Series 3 had display options for 7 d and a long-term average. For both devices, the long-term average, which gives the average radon level measured since measurements started, was used for the comparison. To obtain data from these devices, a smartphone with a camera (iPhone5, Apple Inc., 1 Apple Park Way, Cupertino, CA) was positioned above the device screens using a monopod device. A commercially available time lapse photography application (Lapse It, Interactive Universe, 360 Falling Creek Bend, Duluth, GA 30097) was used to record daily photos of the screens, which were then analyzed by eye. Devices possessed different fixed or variable time measurement intervals, ranging from 1 min to 7 d. Each device was set to a specific collection time listed in Table 1 , with all time intervals set to an interval greater than 10 min. The absolute minimum of 10 min was chosen to obtain a reliable average that did not rapidly change due to slight differences in a very small time interval. Due to the need to extract the data from each device, certain time points for some devices have significantly lower measurements arising from when they were removed from the relatively high radon-level chamber. When comparing these devices, such data points were not included.
Attempted intentional alterations in radon levels
To test the devices' response to changes in radon levels, various methods were used to attempt to alter radon levels in the chamber at approximately 500 h into the experiment. First, three standard box fans were deployed in the direct vicinity of the test area. At the same time, radon impermeable sheets were placed at the entrance of the chamber in order to minimize radon leaving the area and to minimize the effects of people opening the door to the area. It was hoped that the radon impermeable sheets would contain the radon in the chamber and the fans would then circulate it for greater spatial uniformity of radon concentrations within the chamber. Finally, approximately 24 h later, 226 Ra radium dials ranging in activity from 1,600 to 100,000 Bq and a~22 MBq 226 Ra revigator (Kitto et al. 2013 ) was placed in the test area in an attempt to increase radon levels.
Data processing
At the conclusion of the experiment, the devices were removed from the radon chamber and the data extracted. The manufacturer's specific computer programs, if provided, were used to obtain the data, after which they were transferred to a spreadsheet (Excel, Microsoft Inc., 1 Microsoft Way, Redmond, WA 98052) to allow for direct comparisons.
In order to have a base with which to compare the devices, the Saphymo AlphaGuard was selected to be a "gold standard" that represented the best-known value of the measurement. This is due to the device having the highest manufacturer reported accuracy. A linear mixed-effects model (Bates et al. 2015) was chosen to compare all the instruments with the chosen standard, the Saphymo AlphaGuard. It is defined as:
where x it,d is the calculated log difference at time t for the i th measurement for device d; b d is the mean log difference in measurement between the standard and device d; a t is a random variable varying with time that accounts for correlation between all of the devices at a specific time point t; and ε it,d is the normally distributed noise that varies at each time point t and each device d. Because the model is not perfect and some variations are random and not correlated with anything, this variable is necessary. These values were determined in the programming language R using the measured data. This calculation was performed for all devices compared to the standard. This was done separately for devices that had one hour averaged time points and devices that had one day averages. The "emmeans" function in R could then be used to obtain the mean ratio of each device's measurements to the standard as well as 95% confidence intervals, showing the mean accuracy of each individual instrument and whether it tended to overestimate or underestimate the radon concentration when compared to the standard.
However, this only gives a ratio of the average measurement over the entire time period and does not show how much variance there is between each device and the chosen standard. For this, a Coefficient of Determination (R 2 ) was calculated. First, the radon measurements from the standard were smoothed to provide a standard to compare. Then, the radon measurements from each device were divided by the ratio calculated from the linear mixed-effects model to normalize each device to the standard. After this, the Coefficient of Determination was calculated from the total sum of squares, defined as:
where SS tot,d is the total sum of squares, y i,d is the measured radon value measured at time I divided by the ratio, and y d is the average radon concentration measured by the device. Next, the residual sum of squares is calculated, defined as:
where SS res,d is the residual sum of squares and f i is the smoothed radon value measured by the standard. Using eqns (2) and (3), the R 2 value can be calculated via:
where R d 2 is the proportion of variance between each device d and the chosen standard.
Each compared device was required to have equivalent times of measurement and time measurement intervals. For devices that had interval collection times of less than 1 h, the radon levels at each interval within a 1-h block were averaged to obtain a radon level for that hour. While the times of measurement for each device were not exactly the same, it was assumed that time values containing fractions could be rounded to the nearest hour while causing negligible affects to the accuracy of radon levels due to the fact that radon M. A. Carmona and K. J. Kearfott Intercomparison of radon measurement devices values did not change much in a one-hour time-frame. Most devices measured sequential radon levels over a set time interval as mentioned above and displayed the measured value over this time period. The Airthings Home Radon Monitors displayed 1-d, 7-d, and long-term averages while the Sylvane Pro Series 3 has 7-d and long-term averages. The Airthings Home Radon Monitor long-term average updates every 24 h, so data was compared at the same time every day for these devices. For these devices, the data from the Saphymo AlphaGuard was averaged over the equivalent time period in order to obtain a direct comparison between the devices. The model described in eqn (1) was used to find the accuracy of each device relative to the Saphymo AlphaGuard, while eqn (4) was used to find the R 2 value.
RESULTS
Fig . 2 shows the response of the various active measurement devices as a function of time throughout the experiment. Similar data, interpolated from rolling average data, is included in Fig. 3 for the radon measurement devices that recorded such data. All the devices started at a value of around 500 Bq m −3 and steadily rose over the course of approximately 100 h. After this time, the levels of radon remained fairly constant, varying by less than 15% over the following 350 h. This initial period can likely be attributed to two factors. Each device had a start-up period during which the device equilibrates with the environment before properly registering radon levels. Measurement of the equilibration times of the devices is not possible due to the potential variation of radon levels in the chamber over time, and there were likely actual perturbations in radon levels caused by the entrance of personnel to set up the experiment. During the measurement period, access to the chamber was restricted unless entrance was necessary. Due to this, the door to the unventilated area remained closed for the majority of the experiment period, allowing the chamber to equilibrate to existing environmental conditions. Following this, a consistent maximum radon level was approached, ranging from 1,100 to 1,500 Bq m . The implementation of the radon impermeable paper over the entrance to the chamber and the fans did not seem to have a significant effect on the levels of radon.
Following the addition of 226 Ra dials and Revigator, at~525 h into the experiment, the radon levels started to increase. After remaining fairly constant at a level of around
FIG. 2.
Comparison of radon concentrations measured during 655 h with the Saphymo AlphaGuard (light gray) and (a) a Durridge Rad-7 (dark gray and medium gray), with dip at~150-200 h due to exhausted desiccant and gap at~450-500 h due to accidentally disconnected power; (b) two Pylon AB-5s (dark gray and medium gray); (c) two Femto-Tech CRM-510LPs (dark gray and medium gray); (d) a Radonftlab Radon Eye (dark gray); (e) a Sun Nuclear Model 1030 (dark gray), with gap at~500 h is due to brief power loss; and f ) two uncalibrated Sun Nuclear Model 1027s (dark gray and medium gray), with gap at~500 h due to an unplanned delay in clearing the memory.
1,400 Bq m −3 , radon levels rose steadily to a value of about 1,800 Bq m Ra placed directly above the devices thus increased the radon levels by~30% in a similar fashion for all the devices. This provided an excellent test of how the devices perform under a transient. Altering the radon levels in the discovered chamber in a controlled way would require a significant financial investment, so the radium dials provided a way to alter radon levels in an affordable manner.
The Saphymo Alpha Guard was chosen as the standard, assumed to be perfect. The ratios of the average measurements to the standard for each device are shown in Table 2 . A plot showing the ratio and R 2 values of each device is also included in Fig. 4 . Since it is the standard to which other devices are being compared, the value of ratio and R 2 for the Saphymo Alpha Guard are assumed to be equal to 1. First the devices that recorded sequentially will be considered. All the sequentially recording devices, except for the well-past calibration Sun Nuclear Model 1027s, had R 2 values exceeding 0.87, indicating that they had little variance when compared to the standard. The ratios for those devices that recorded sequentially ranged from 0.94 to 1.13, indicating that all those devices showed agreement to within 13% with the standard. Most devices agreed to within 7.5% of the standard. This agreement reflects the appropriate calibration of the devices. The Sun Nuclear Model 1030 had a higher percent difference than the others, namely 13%. However, this likely may have been due to outside factors that will be discussed later. The Durridge Rad-7 gave the best results, with its percent difference being 2.6%. However, this device requires gypsum or calcium sulfite (CaSO 4 ) desiccant to function and the consequences of not having this material can be seen in Fig. 2a, at the 150-200 h range. The accuracy of the devices suffered dramatically.
Another interesting result occurred for one of the Pylon AB-5s, shown in Fig. 2b . At~425 h, the radon measurement drops by about 400 Bq m −3
. This occurred after the device was removed from the chamber and then placed back in after data extraction. It is unknown what caused this, but it is the only instance of this phenomena occurring in either device during the entire experiment. One device that gave surprisingly excellent results was the Radonftlab Radon Eye. This device had a percent difference of 4.2%, while the Femto-Tech 510-LP and Pylon AB-5 devices had percent differences of 5.7%/2.3% and 5.4%/1.8%, respectively. This is impressive because the Radonftlab Radon Eye has a price of tag of $180, in comparison to the much more expensive devices, generally exceeding $1,500. While it is critical to note that the other devices offer incredible flexibility and measurement capability across many applications, due to its low cost and strong results, this Radonftlab Radon Eye was identified as highly suitable for measurements in which only simple temporal radon-in-air measurements are needed.
Another interesting performance was that of the Sun Nuclear Model 1027. Despite being well past calibration, the device remained surprisingly accurate, as can be seen The devices that displayed only a long-term average had similar results, as seen in Table 2 . The ratio was calculated with respect to the Saphymo AlphaGuard's average readings over the equivalent time period. The current model of the Airthings Home Radon Monitor performed exceptionally well, within 0.2% of the standard. The Sylvane Pro Series 3, while having the highest percent difference from the standard of 15%, has a manufacturer reported accuracy of 20%, so it still exceeded the specifications. The Sylvane Pro Series percent difference is comparable to that of the Sun Nuclear Model 1030 at 13%, and both of these higher differences may be attributable to outside factors discussed later. All these devices strongly correlated with the Saphymo AlphaGuard. However, after the addition of the 226 Ra sources, they responded slower to the changes in the radon level. This is because they are averaging over the whole time period, so the previous lower values are still considered while measuring. All these devices would be satisfactory when testing in an occupied space, due to their quick response, affordable price, ease of use, and ability to quickly move them to various areas. However, this method would not be preferred in more research specific areas, due to their limited features when compared to much more expensive devices.
Two devices with percent differences that were a bit higher than other devices were the Sun Nuclear Model 1030 and the Sylvane Pro Series 3. While all of the other devices had percent differences of 7.5% or less, these devices had percent differences of 13% and 15%, respectively. After examining the location of these devices, it was determined that this may have been due to the locations of each of these devices relative to other radon measuring devices. Some of the other devices use pumps with exhausts and these devices were in close proximity to the two devices. They were also the closest devices to the radium dials. The Sylvane Pro Series 3 is also designed to be mounted on a wall, but in this experiment it was placed on a table due to limiting conditions of the area. As a result of these factors, the radon measurements of these two devices may have been artificially inflated over the course of the experiment. Regardless of these potential issues, the two devices still performed within their manufacturer-reported accuracies and provided reliable radon measurements.
Additionally, there were two other factors that could have had an influence on the measurements of the devices. The devices that were removed from the chamber for data extraction were exposed to significantly lower radon levels for a period of time before being placed back in the chamber. The experiment also took place in a corner next to two walls. Radon leaking in from the soil behind the walls could have had varying effects on each of the devices depending on how far away each device was located from the walls.
All of the devices performed within their manufacturer reported accuracy, had R 2 values of 0.87 or greater (with the exception of the well past calibration Sun Nuclear Model 1027s), and they all had percent differences within 20%. While any of these devices would be fine choices to measure radon due to their consistent and accurate readings, there are other factors to consider when determining which device should be used in a specific situation. Other important factors to consider are price, ease of use, and other features offered. Higher end devices, such as the Saphymo AlphaGuard, Durridge Rad-7, and Pylon AB-5, tend to have higher accuracies, longer battery lives, more features, and greater memory capacity. The Pylon AB-5 also has the unique perk of being able to be calibrated by the owner of the device without the need to send it to a professional company. Professional devices with lower price tags such as the FemtoTech CRM-510LP, Sun Nuclear Model 1027, and Sun Nuclear Model 1030 offer a lower price tag while still boasting large memory capacities, long battery life, and high manufacturer-reported accuracies. These devices also did not have any additional equipment necessary to function. They also tend to be fairly simple to use. Cheaper devices such as the Airthings Home Radon Monitor and the Sylvane Pro Series 3 are more geared towards home and business radon measurements. They have the lowest price tags, are very simple in their usage, and have displays that give quick and easy-to-understand radon measurement results. Such devices, such ) for various devices relative to the standard device. Includes devices that recorded sequentially (circle), devices that displayed a long-term average (diamond) and the standard Saphymo AlphaGuard (triangle). The * next to the name indicates the well out of calibration Sun Nuclear Model 1027s. The coefficient of determination of time-varying radon level measured with various devices compared to the standard relates to how well the temporal response of the device corresponds to that of the standard, while the ratio of the time-averaged radon measurements of that radon device to the standard is a metric for the accuracy of the overall device calibration.
as the Sylvane Pro Series 3, also comes equipped with an alarm that will alert people if the radon measurements exceed the EPA action limit. However, they tend to have fewer accessories and may not be as well suited for research purposes. For someone looking to measure radon levels in their home or business, these devices are attractive choices. The ease of use of the Radonftlab Radon Eye is another feature that makes it desirable for use. It is merely plugged into an outlet and all the data can be extracted with a cell phone using their app, as opposed to having to extract the data with a special program on a computer.
CONCLUSION
All devices performed within their manufacturer reported accuracy and agreed to within 20% of the standard, the Saphymo AlphaGuard. The higher end devices tended to provide slightly better results among devices that gave measurements over set time intervals. For measuring radon, all the tested devices would be reliable tools to use. However, there are many other factors to consider when deciding which radon device would be preferable for a specific purpose. While all of these devices measure radon, they vary greatly in their utility, price and additional features. The more expensive devices tend to come with slightly better performance, larger memory capacity and additional features. However, the lower cost devices tend to be very user friendly and affordable, so they may be preferred for home radon measurements while the higher end devices may be preferred for more research-intensive purposes. The Radonftlab Radon Eye was identified as a likely candidate for other experiments due to its strong performance, low price tag, ability to record measurements over set time intervals and the ability to extract data using only a smartphone.
